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Institute, 

Worcester, MA 01609 

Solid solutions of mixed metal oxides in the perovskite (AB0 ) 
and scheelite (AB0 families of crystals were used as host 
materials for the areparation of methanol synthesis catalysts. 
These materials contain a partial substitution of a copper (1+) 
ion in the A-sites of their structures and a zn(2+) ion in their 
B-sites as homogeneous solid solutions in a host lattice 
containing at least two other metal oxides. 

AxCul-x*yZ"l-y03 AxCUl-xByZn1-y04 

perovskite scheelite 

The synthesis of these unusual materials was accomplished by 
recognizing that copper oxides exist as an equilibrium mixture of 
Cu(l+) and Cu(2+) ions at temperatures in the range of 1100 C in 
air. utilizing high temperature synthesis techniques, copper was 
disproportionated to a mixture of copper(2+) and copper(l+) 
oxides under oxidizing conditions. When this equilibrium mixture 
was exposed at high temperatures to a metal oxide composition 
containing a substoichiometric amount of the A-site cation, the 
equilibrium was shifted to copper(l+) which was incorporated into 
the A-site of the host. Due to the removal of Cu(l+) from the 
equilibrating system by its location in the stable A-site, all of 
the copper was converted to cu( 1+). 

4Cu(2+)0 A 2Cu2(1+)0 + O2 
ll0OC 

1100 c 
xSrC03 + ysno2 

Support for the structure for these compounds was gained from an 
analysis of their magnetic susceptibility data, photoelectron 
spectra, x-ray diffraction data, and analytical analysis. The 
compounds were shown by the magnetic susceptibility data to be 
diamagnetic which was consistent with a d-10 copper(l+) ion. The 
absence of any shake-up structure in their ESCA spectra was 

240 



consistent only with a copper (1+) ion incorporated in the A-site 
of the solid state mixed metal oxide. Copper (2+) ions 
demonstrated large shakeup satellites in their ESCA spectra. 

The objective of the synthesis of these novel materials was to 
provide a homogeneous solid solution of both the copper(l+) and 
zinc(2+) ions in the lattices of metal oxides which have unusual 
thermal and structural stability under reducing conditions. 
Using these materials which were then further modified by other 
ions substituted in the A- or B-sites, gradual electronic changes 
may be made in the copper(l+) ion. The solid solution, ion 
modified compounds will be subsequently used to understand the 
activation of carbon monoxide in methanol synthesis. 

The activities of these materials as methanol synthesis catalysts 
were studied at 75 atm. and 230 C. The stabilities of the 
copper(l+) ions in the host lattices were examined between 200 C 
to 450 C in separate studies using diluted hydrogen in nitrogen. 
The methanol synthesis activities of these compounds when 
compared on a unit surface area basis were generally a bit lower 
than the copper modified zinc oxide catalysts prepared by 
coprecipitation. Their surface areas were substantially smaller 
than the Cu-Zn-0 catalyst. In only a few cases was the stability 
of these solid state solutions toward reduction to copper(0) 
superior to that of the copper modified zinc oxide catalyst. This 
finding was surprising since one would expect the Cu(l+) atom of 
about 0.96 atomic radius to be configurationally stable from 
purely structural considerations. However, location of the 
mono-cation in a substantially greater electronegative lattice 
position contrasted to its solution in pure ZnO, may account for 
the observation of accelerated reduction in most examples using 
the complex solid state inorganics. A comparison of the 
relative rates of reduction of the solid state inorganic 
solutions to the coprecipitated standard Cu-Zn-0 catalyst is 
shown in Figure 1. These data show that the metal ion 
composition may be used to regulate stability. 

A study of the ease of reduction to metallic copper in a series 
of 10% metal ion modified copper zinc (25%/65%) oxide catalysts 
was performed. In addition a newly developed attrition test was 
used to examine the attrition resistance of these catalysts to 
mechanical wear. Ten percent concentrations of lanthanum, 
aluminum, magnesium,strontium, zirconium, tin, tungsten, 
molybdenum and chromium oxides were prepared with 25% copper 
oxide and 65% zinc oxide by coprecipitation. These modified 
compositions were found to be of superior mechanical strength 
when compared to unmodified 30% copper oxide-’lO$ zinc oxide. In 
most cases the unmodified catalyst was reduced in hydrogen more 
easily than the modified ones. The solid state inorganic 
solutions of copper in the perovskite or scheelite crystals 
classes were substantially more attrition resistant than the 
modified copper zinc oxide systems. 
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POSSIBLE RELATIONSHIPS OF SITES FOR CO ADSORPTION WITH METHANOL 
SYNTHESIS A C T I V I T Y  OF SUPPORTED Pd CATALYSTS 

H.  D e l i g i a n n i ,  R.  L. M i e v i l l e .  and J. B.  P e r i  

Amoco O i l  Company, P.O. Box 400, N a p e r v i l l e ,  I l l i n o i s  60555 

Pd/Si02  c a t a l y s t s  w i th  and wi thou t  promoters  f o r  methanol s y n t h e s i s  have 
been p rev ious ly  s t u d i e d  (1-6),  w i t h  p a r t i a l l y  c o n t r a d i c t o r y  conc lus ions .  Lunsford .  
e t  a l .  (3$, concluded t h a t  Pd s t r u c t u r a l  e f f e c t s  p l a y  an  impor t an t  r o l e  i n  t h e  
a c t i v i t y  of t h e  c a t a l y s t ,  s i n c e  c a t a l y s t s  w i t h  small Pd c r y s t a l l i t e s  produce  
methanol wh i l e  l a r g e r  c r y s t a l l i t e s  produce methane. Such s t r u c t u r a l  e f f e c t s  can b e  
induced by d i f f e r e n t  g rades  of s i l i c a  suppor t .  On t h e  o t h e r  hand, Ponec, e t  a l .  
(1 ,6)  b e l i e v e  t h a t  e l e c t r o n i c  f a c t o r s  a r e  more impor t an t  and Pd I1 "ions" are t h e  
Cen te r s  f o r  CO a c t i v a t i o n .  The number of such  s i tes  is presumably i n c r e a s e d  by t h e  
presence  of a l k a l i  metals. The e f f e c t  of a l k a l i  metals  such  as L i  appea r s  t o  be  
more complex ( 1 , 5 ) .  Whatever the  n a t u r e  of t h e  a c t i v e  c e n t e r s ,  t h e  a d d i t i o n  of 
b a s i c  metals as w e l l  a s  t h e  use  of  b a s i c  s u p p o r t s  (4)  promotes r e a c t i v i t y .  

EXPERIMENTAL 

The r e a c t o r  used i n  t e s t i n g  t h e  methanol s y n t h e s i s  c a t a l y s t  was a v e r t i c a l  
1/2" s t a i n l e s s  s teel  tube  enc losed  i n  a h inged  f u r n a c e .  Cy l inde r  CO and H 2  were f e d  
i n t o  t h e  system v i a  p r e s s u r e  r e g u l a t o r s  and Brook ' s  mass f low c o n t r o l l e r s .  
d e s i r e d  p res su re  was main ta ined  a t  t h e  r e a c t o r  o u t l e t  by a pneumat i ca l ly  ope ra t ed  
r e s e a r c h  c o n t r o l  va lve .  O u t l e t  f l ows  were measured by a w e t  tes t  meter. 

The 

Four grams of  vacuum-dried c a t a l y s t  (14-20 mesh) w e r e  d i l u t e d  ( i f  necessa ry )  
t o  a 10 c c  volume wi th  a-alumina p a r t i c l e s  and p l aced  c e n t r a l l y  i n  t h e  r e a c t o r .  The 
c a t a l y s t  was p r e t r e a t e d  i n  s i t u  by  pass lng  N, a t  150°C f o r  30 minutes .  and then  
pass ing  H 2  a t  340°C f o r  1 hour .  A c t i v i t i e s  were measured a f t e r  two hour s  runn ing  i n  
a H l / C O  feed  of mole r a t i o  2 /1 .  

I n f r a r e d  a n a l y s i s  were performed on a computer ized  I R  Beckman 4260 as 
p rev ious ly  desc r ibed  (7). C o r r e c t i o n s  were a p p l i e d  f o r  changes i n  background bands  
( a r i s i n g  from t h e  suppor t )  caused  by c o o l i n g  of t h e  sample when CO was admi t t ed  t o  
t h e  cel l .  Some s p e c t r a  were recorded  wi th  a Perkin-Elmer 1550 FTIR spec t romete r .  

The c a t a l y s t s  were prepared  using two d i f f e r e n t  ba t ches  of Davison s i l i ca  
g e l ,  57 and 59. 

Impregnated c a t a l y s t s  were prepared  by t h e  i n c i p i e n t  we tness  technique .  Pd 
ion  exchanged c a t a l y s t s  were p repa red  by t h e  fo l lowing  procedure :  The r e q u i r e d  
amount of  Pd (NH,)s(NO,), s o l u t i o n  was added t o  a s l u r r y  of t h e  mix tu re  g e l  and 
wa te r .  
After mixing f o r  1 hour ,  t h e  s i l i c a  w a s  washed and f i l t e r e d  and ,  f i n a l l y ,  c a l c i n e d  
a t  300°C f o r  2 h o u r s .  For the  L i  doped samples ,  L i  was added a s  t h e  hydroxide  p r i o r  
t o  t h e  Pd impregnat ions .  

RESULTS AND DISCUSSION 

The water  w a s  a l k a l i z e d  by adding  a few d rops  of NH+OH t o  make t h e  pH -9.5.  

A c t i v i t y  Measurements 

The r e p r o d u c i b i l i t y  of  a c t i v i t y  measurements by t h e  r e a c t o r  was t e s t e d  and 
found t o  be about  220% of  t h e  a b s o l u t e  va lue  i n  terms of CO conve r t ed .  
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Some p r e l i m i n a r y  r e s u l t s  on  p r e t r e a t m e n t  v a r i a t i o n s  i n d i c a t e d  t h a t  t h e  
i n i t i a l  a c t i v i t y  of t h e  unreduced Pd c a t a l y s t s  was h a l f  t h a t  o f  t h e  f u l l y  reduced 
c a t a l y s t ,  b u t  that  o n  i n c r e a s i n g  time on scream, t h e  a c t i v i t y  approached t h a t  of t h e  
f u l l y  p r e t r e a t e d  c a t a l y s t .  

Two d i f f e r e n t  b a t c h e s  of 'Davison  s i l i c a ,  #57 and 1/59, were used  i n  p r e p a r i n g  
t h e  c a t a l y s t s .  
d i f f e r e n c e s  i n  t h e  r e s u l t s  observed ,  as shown i n  T a b l e  I .  

Although s p e c i f i c a t i o n s  f o r  t h e  two were t h e  same, t h e r e  were some 

T a b l e  I. V a r i a t i o n  i n  S i l i c a  Suppor t  

C o n d i t i o n s :  500 p s i g ,  SV = 900 hr- ' ,  275°C 
and H,:CO = 68.2:31.8 

Method of % CO Converted 
C a t a l y s t  Pd Addi t ion  t o  MeOH 

5% Pd/SiO, 57 Impregnated 0.8 
5% Pd/Si02 59 w i t h  PdC12 s o l u t i o n  2.5 

5% Pd/SiO, 59 Pd(NH3) b(N03)z 3 .O 
5% Pd/1.6% Li/SiO2 5 7  Impregnated w i t h  4.6 
5% Pd/ l .6% Li/SiOZ 5 9  PdC1, s o l u t i o n  6.0 

5% Pd/SiO, 57 I o n  exchanged w i t h  1 .2  

I n  a l l  c a s e s ,  Davison 59 showed a n  i n c r e a s e  i n  a c t i v i t y  over  Davison 57 .  
However, t h e  i n c r e a s e  was s m a l l e s t  w i t h  t h e  L i  promoted c a t a l y s t ,  s u g g e s t i n g  t h e  
d i f f e r e n c e s  i n  a c t i v i t y  may a r i s e  out o f  d i f f e r e n c e s  i n  t h e  amount o f  r e s i d u a l  
a l k a l i  meta l  contaminant .  

D i f f e r e n c e s  i n  t h e  mode of adding  Pd t o  t h e  s u p p o r t  e v i d e n t l y  made l i t t l e  
d i f f e r e n c e  i n  t h e  a c t i v i t y  of t h e  c a t a l y s t  as shown by t h e  d a t a  of T a b l e  11. 

Table  11. V a r i a t i o n  i n  Pd A d d i t i o n  
Condi t ions :  As i n  Table  I 

C a t a l y s t  Method of Pd Addi t ion  % CO Converted t o  MeOH 
5% Pd/SiO, 59 Impregnated wi th  PdC1, 2 .5  
5% Pd/SiO, 59 Impregnated wi th  Pd(N03), 2.0 
5% PdlSiO, 59 I o n  Exchanged w i t h  Pd(NH3)4(N03), 2 .0  
1.5% Pd/SiO, 57 Impregnated wi th  PdC12 0 . 9  
1.5% Pd/SiO, 57 Impregnated with Pd(N03), 0.8 

These d a t a  were o b t a i n e d  on c a t a l y s t s  ion-exchanged w i t h  amino n i t r a t e  
complex o r  impregnated w i t h  e i t h e r  t h e  n i t r a t e  o r  c h l o r i d e  s a l t .  

S i g n i f i c a n t  d i f f e r e n c e s  were observed  when L i  was added a s  a promoter .  

Table  111. E f f e c t  of Li thium Promotion 
Condi t ions :  A s  i n  Table  I 

C a t a l y s t  
5% Pd/Si02 57 
5% P d / S i O ,  57 + 1 .6% Li 
5% P d / S i O z  59 
5% Pd/Si02 59 + 1.6% L i  
5% Pd/SiO, 59 
5% P d / S i O ,  59 + 1.6% L i  
1.5% Pd/SiO, 59 
1.5% Pd/SiO, 59 + 1.6% L i  

Method of Pd Addi t ion  
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
Pd(NO,), 
I o n  exchanged w i t h  
Pd(NH3) 4 ( N 0 3 ) ~  
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% CO Converted t o  MeOH 
0.8 
4 . 6  
2 .5  
6.0 
2.0 
5.0 
3.0 
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Table  111 shows t h a t  L i  always i n c r e a s e d  t h e  a c t i v i t y  for e v e r y  c a t a l y s t  
type  used. The i n c r e a s e ,  however, w a s  s m a l l e s t  f o r  t h e  Pd i o n  exchanged on s i l i c a  
59 p o s s i b l y  s i n c e  wi thou t  L i  t h i s  c a t a l y s t  had a h ighe r  a c t i v i t y ,  b u t ,  a l s o .  t h i s  
sma l l e r  i n c r e a s e  could  be a r e s u l t  o f  t h e  absence  of r e s i d u a l  a l k a l i  i n  t h e  s u p p o r t .  

I n f r a r e d  Spec t r a  

F igu res  1 t o  5 r e p r e s e n t  I R  s p e c t r a  of CO adsorbed  on some of t h e  c a t a l y s t  
samples whose a c t i v i t i e s  were measured i n  a t t e m p t i n g  t o  r e l a t e  c a t a l y s t  performance 
t o  c a t a l y s t  s u r f a c e  p r o p e r t i e s .  Each spec t rum i s  c h a r a c t e r i z e d  by bands  n e a r  -2075 
and 1975 cm-l cor responding  t o  weakly-held CO p r e v i o u s l y  a s s igned  t o  l i n e a r  and 
br idged  bonding of CO on Pd, r e s p e c t i v e l y  (E). The s p e c t r a  a f t e r  e v a c u a t i o n  and 
t h e r e f o r e  re r e s e n t i n g  s t r o n g l y  he ld  CO, t y p i c a l l y  show less i n t e n s e  bands n e a r  2060 
and 1900 cm-', aga in  r e f l e c t i n g  l i n e a r  and b r idged  CO.  Add i t iona l  bands  can  a l s o  be 
seen .  

' 
These probably  r e f l e c t  v a r i o u s  b r idged  CO s p e c i e s  h e l d  on d i f f e r e n t  c r y s t a l  

\ f a c e s  (8). 

F igu res  1 and 2 show s p e c t r a  of CO on 5% Pd/Si02  made by impregna t ion  of  t h e  
c h l o r i d e  and n i t r a t e  salt r e s p e c t i v e l y .  Although t h e  g e n e r a l  f e a t u r e s  a r e  similar,  
some d i f f e r e n c e s  a r e  observed  i n  r e l a t i v e  i n t e n s i t i e s  of t h e  bands n e a r  2075 and 
1975 cm-I cor responding  t o  a weakly-held l i n e a r  and b r i d g e  bonded CO. 
can a l s o  be seen  i n  t h e  f r e q u e n c i e s  of bands caused by s t rong ly -he ld  CO remain ing  
a f t e r  evacua t ion .  No d i f f e r e n c e  was observed  i n  t h e  re la t ive a c t i v i t i e s  of t h e  two 
c a t a l y s t s ,  however. 

D i f f e r e n c e s  

F igure  3 shows s p e c t r a  of CO on 1.5% Pd/SiOZ (ex .  PdC12) which w a s  r u n  on 
t h e  FTIR. Th i s  was t h e  on ly  case where a band a t  2165 cm-I was d e t e c t e d .  

F igure  4 shows t h e  e f f e c t  of L i  on t h e  CO/Pd s p e c t r a  ob ta ined  f o r  1.5% Pd 
ion-exchanged on Davison 59 s i l i c a .  The spec-  
trum of CO on t h e  c a t a l y s t  shows s i g n i f i c a n t  d i f f e r e n c e s  from t h o s e  on  t h e  impreg- 
na t ed  c a t a l y s t s .  A much more i n t e n s e  l i n e a r  CO band is  observed and a r e l a t i v e l y  
weaker bridge-bonded CO band. No d i f f e r e n c e  i s  seen  i n  t h e  l i n e a r  CO bands  (2060 

b r idged  CO bands ,  y e t  a sma l l  i n c r e a s e  i n  a c t i v i t y  was no ted .  
b r idged  CO bands i n  t h e  1850-1950 cm-l appear  t o  be p r o g r e s s i v e l y  dec reased  i n  
i n t e n s i t y  and s h i f t e d  t o  lower  f r e q u e n c i e s  as L i  c o n t e n t  i n c r e a s e s .  

(Note change i n  absorbance  s c a l e . )  

I 

\ and 2090 cm-l) when L i  i s  p r e s e n t .  Only a s l i g h t  d i f f e r e n c e  e x i s t s  between t h e  
The s t rong ly -he ld  

F igure  5 shows s p e c t r a  of CO on t h e  c a t a l y s t s  of  F igu res  1 and 2 ,  r e spec -  
t i v e l y ,  a f t e r  t h e  a d d i t i o n  of L i .  
e f f e c t  of L i  on t h e  CO s p e c t r a  i n  t h e  r e g i o n  above 1950 cm I n  t h e  r e g i o n  below 
1950 cm- l ,  however, t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  b o t h  weakly and s t r o n g l y  
he ld  b r idged  C O .  There w a s  a l a r g e  co r re spond ing  i n c r e a s e  i n  a c t i v i t y ,  by  f a c t o r s  
of 6 and 3 ,  r e s p e c t i v e l y ,  when L i  w a s  p r e s e n t .  

Comparison w i t h  F igures-1  and 2 shows v e r y  l i t t l e  

DISCUSSION 

Spec t r a  of CO on Pd have  been thoroughly  d i s c u s s e d  e l sewhere  (9 ) .  I t  was 
i n i t i a l l y  hoped, and expec ted ,  t h a t  among t h e  v a r i e t y  of d i f f e r e n t  t y p e s  of bands 
observed  f o r  CO adsorbed  on s i l i c a - s u p p o r t e d  Pd some c o r r e l a t i o n  would be  found w i t h  
methanol s y n t h e s i s  a c t i v i t y .  No obvious  c o r r e l a t i o n  was, i n  f a c t ,  a p p a r e n t .  Some 
p rev ious  s p e c u l a t i o n  appea r s  t o  have  been  exc luded  by t h e  ev idence ,  however,  and 
p o s s i b l e  exp lana t ions  f o r  L i  promotion can  be  o f f e r e d .  

Carefu l  a t t e n t i o n  was pa id  t o  p o s s i b l e  a d s o r p t i o n  of  CO on PdZC i o n s ,  which 
woufd have been expec ted- to  g i v e  bands above 2100 cm apd even, by ana logy  w i t h  
N i Z  , as h igh  as 2195 cm 
i n  only  one i n s t a n c e .  T h i s  was observed  wi th  t h e  1 .5% Pd/SiOz (ex.  PdCIZ) sample 
(F igu re  3 ) .  

( 9 ) .  A band s u g g e s t i v e  of  PdZ a d s o r p t i o n  s i t e s  was seen  

Af te r  p r e r e d u c t i o n  a t  300°C and a d d i t i o n  of CO, t h i s  c a t a l y s t  showed a 
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v e r y  weak band a t  2165 cm-l which probably  ref lects  CO h e l d  on PdZ+ ions .  
c a t a l y s t  was ,  however,  one  of  t h e  l e a s t  a c t i v e  ( s e e  Tab le  1 1 ) .  
n o t  be expec ted  unde r  r e a c t i o n  c o n d i t i o n s  i n  any c a s e ,  b u t  t h e  f a c t  t h a t  a c t i v i t y  
w a s  found t o  i n c r e a s e  w i t h  i n c r e a s i n g  p r e r e d u c t i o n  of tQe c a t a l y s t s  and ,  i n i t i a l l y ,  
w i t h  i n c r e a s i n g  t i m e  on stream s t r o n g l y  a rgues  t h a t  Pd2 
p o s t u l a t e d  by  Ponec, e t  a l .  ( 2 , 6 ) ,  t h e  a c t i v e  s i tes .  

T h i s  
Unreduced Pd would 

s i t e s  a r e  n o t ,  as 

The i n f r a r e d  s p e c t r a  show t h a t  L i  a d d i t i o n  h a s  a small b u t  d e f i n i t e  e f f e c t  
on t h e  b r idged  bonding  of CO t o  Pd. 
exposed f a c e s  of Pd c r y s t a l l i t e s .  The e f f e c t  cou ld  be  e i t h e r  e l e c t r o n i c  o r  s t r u c -  
t u r a l  i n  n a t u r e .  The L i ,  i n  a p a r t i a l  o v e r l a y e r  on a Pd s u r f a c e ,  cou ld  a f f e c t  the 
e l e c t r o n i c  p r o p e r t i e s  of a d j a c e n t  Pd atoms, changing  t h e i r  subsequent  a d s o r p t i o n  of 
CO.  A l t e r n a t i v e l y ,  L i  might  promote exposure  of c r y s t a l  f a c e s  d i f f e r e n t  from those  
normal ly  p r e s e n t .  The e x i s t e n c e  of a n  e f f e c t  o f  L i  on b r i d g e  bonding of CO does 
n o t ,  of c o u r s e ,  mean t h a t  t h i s  is t h e  f a c t o r  r e s p o n s i b l e  f o r  a c t i v i t y  promotion by 
L i .  The d a t a  g e n e r a l l y  show no obvious  c o r r e l a t i o n  of a c t i v i t y  w i t h  any p a r t i c u l a r  
t y p e  of CO bonding  as r e v e a l e d  by  the  f requency  and i n t e n s i t y  of i n f r a r e d  bands 
a r i s i n g  from adsorbed  CO. 

Such bonding presumably occur s  main ly  on 

The f a c t  t h a t  wide d i f f e r e n c e s  i n  t h e  t y p e s  of CO a d s o r p t i o n  on reduced Pd 
made s o  l i t t l e  d i f f e r e n c e  i n  c a t a l y s t  a c t i v i t y  w h i l e  marked d i f f e r e n c e s  i n  a c t i v i t y  
were observed  on c a t a l y s t s  w i th  g e n e r a l l y  similar CO a d s o r p t i o n  s i tes  s u g g e s t s  t h a t  
some f a c t o r  o t h e r  t h a n  CO b i n d i n g  could  w e l l  be of major  impor tance .  T h i s  could  be 
t h e  a b i l i t y  of t h e  s u p p o r t  t o  h e t e r o l y t i c a l l y  d i s s o c i a t e  hydrogen t o  form hydroxyl  
and hydr ide  s p e c i e s  on  t h e  s u r f a c e .  Z inc  ox ide  i s  well-known f o r  i t s  a b i l i t y  t o  do 
t h i s  and ev idence  h a s  a l s o  been p r e s e n t e d  t h a t  MgO and La2O3 can  s i m i l a r l y  d i s -  
s o c i a t e  hydrogen. 
s i t e s  which e x h i b i t  th is  behav io r .  
e s s e n t i a l  f e a t u r e  needed f o r  methanol s y n t h e s i s  i n  a d d i t i o n  t o  t h e  non-d i s soc ia t ive  
a d s o r p t i o n  of  CO. The e f f e c t  of L i  may be  t o  p r o v i d e  s u r f a c e  s i tes  on s i l i ca  on 
which such d i s s o c i a t i o n  can  occur  more r e a d i l y .  F u r t h e r  work i s  p lanned  t o  i n v e s t i -  
g a t e  t h e s e  p o s s i b i l i t i e s .  Obvious ly ,  t h e  types  of  sites a v a i l a b l e  f o r  CO and  H, 
a d s o r p t i o n  under  r e a c t i o n  c o n d i t i o n s  may d i f f e r  from t h o s e  seen  on f r e s h  o r  used 
c a t a l y s t s .  
on t h i s  s u b j e c t .  Such s t u d i e s  a r e  a l s o  p lanned .  
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A. CO (2.0 Torr); 
B .  After 5 min. evacuation. 

(?he background vas  mubtracted, but no corrections were 8ppl i ed . )  
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THE EFFECT OF ALKALI PROMOTION ON ALCOHOL SYNTHESIS OVER Rh/TI02 

S.C. Chuang, J . G .  Goodwin, Jr., and 1.Wender 
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Un ive r s i ty  o f  P i t t s b u r g h  
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I. INTRODUCTION 

The importance of t h e  d i r e c t  s y n t h e s i s  of h i g h e r  (C2-C6) a l c o h o l s  from 
s y n t h e s i s  gas  as a promising r o u t e  f o r  p rov id ing  c l e a n  f u e l s  and petrochemical  
f eeds tocks  i s  g e n e r a l l y  recognized. It i s  known t h a t  t h e  a d d i t i o n  of a l k a l i  s a l t s  
t o  methanol s y n t h e s i s  c a t a l y s t s  o f t e n  r e s u l t s  i n  g r e a t e r  y i e l d s  of h ighe r  
a l coho l s .  However, l i t t l e  is known about  how v a r i o u s  a l k a l i  s p e c i e s  a f f e c t  t he  
c a t a l y s t  component and a l c o h o l  s y n t h e s i s  r e a c t i o n .  Rh c a t a l y s t s  a r e  s imple y e t  
model systems f o r  s tudy ing  t h e  e f f e c t  of a l k a l i  promoters on CO hydro- 
condensat ion.  Depending on t h e  ox ide  suppor t  u sed ,  t h e  product  c a t a l y z e d  by Rh 
may be p r i m a r i l y  hydrocarbons o r  a l c o h o l s  (1 ,  2 ) .  This paper  r e p o r t s  on an 
i n v e s t i g a t i o n  o f  t h e  e f f e c t  of v a r i o u s  a l k a l i  s p e c i e s  (L i ,  K, and Cs) on CO 
hydrocondensat ion ove r  Rh/TI02. Rh/Ti02 was a n  a t t r a c t i v e  c a t a l y s t  t o  s tudy  s i n c e  
b o t h  hydrocarbons and oxygenated compounds are formed i n  s i g n i f i c a n t  q u a n t i t i e s  
du r ing  CO hydrogenat ion.  This provided t h e  p o s s i b i l i t y  t o  i n v e s t i g a t e  
s imul t aneous ly  t h e  e f f e c t  of alkali promotion on t h e  fo rma t ion  of t h e s e  two types 
of products .  

11. EXPERIMENTAL 

The alkal i -promoted rhodium c a t a l y s t s  were prepared by t h e  impregnation of 
Ti02 u s i n g  RhC13.3H20 and a n  a l k a l i  n i t r a t e  (L i ,  K, Cs) i n  aqueous s o l u t i o n  having 
a pH o f  3-3.5. The c a t a l y s t s  were prepared i n  such a way so t h a t  t h e  Rh loading 
was 3 w t X  and t h e  atom r a t i o  o f  a l k a l i  promoter t o  Rh was 1/2.  After  
impregnat ion,  t h e  samples were d r i e d  o v e r n i g h t  i n  a i r  a t  4OoC and reduced i n  
f lowing H2 on h e a t i n g  i n  5OoC s t e p s  (30 min.) t o  4OO0C and ho ld ing  f o r  16 h r .  
P r i o r  t o  r e a c t i o n ,  t h e  Ti02-supported c a t a l y s t s  were a g a i n  reduced i n  flowing 
hydrogen a t  5OO0C f o r  3 h r .  t o  induce s t r o n g  m e t a l a u p p o r t  i n t e r a c t i o n  (SMSI) 
(3 ) .  The s tudy  w a s  c a r r i e d  o u t  i n  a d i f f e r e n t i a l  r e a c t o r  a t  r e a c t i o n  cond i t ions  
of 25O-33O0C, 1 0  a t m ,  and CO/H2=2 .  A small amount o f  e t h y l e n e  (2.3 mole%) was 
added t o  t h e  r e a c t a n t  mix tu re  t o  s tudy t h e  s p e c i f i c  r e a c t i o n s  of t h i s  s y n t h e s i s .  

111. RESULTS AND DISCUSSION 

The a c t i v i t y  of CO conversion w a s  observed t o  dec rease  i n  t h e  order :  
unpromoted > Li > K > C s .  'Ihe r a t e s  of fo rma t ion  f o r  a l l  t h e  p roduc t s  decreased 
upon a l k a l i  promotion b u t  t h e  oxygenate s e l e c t i v i t i e s  were enhanced as shown i n  
F ig .  1. 'Ihis c l e a r l y  i n d i c a t e d  t h a t  t h e r e  w a s  l e s s  suppres s ion  i n  t h e  r a t e  of  
oxygenate fo rma t ion  than  i n  t h a t  of hydrocarbon formation.  It may sugges t  t h a t  
alkali promoters  have  a d i f f e r e n t  e f f e c t  on t h e  fo rma t ion  of oxygenates  than on 
t h a t  of hydrocarbons.  The s e l e c t i v i t y  o f  ace tone  p a r a l l e l e d  t h a t  of acetaldehyde 
sugges t ing  t h a t  the ace tone  may be formed by t h e  combinat ion o f  t h e  acetaldehyde 
i n t e r m e d i a t e  and a s u r f a c e  methyl s p e c i e s  as proposed by Schulz and Zein E l  k e n  
( 4 ) .  lhe d e c r e a s e  i n  mole r a t i o  of [MeCHO]/[EtOH] and ( o l e f i n ) / ( p a r a f f i n )  a s  
shown i n  Tab le  I may be a t t r i b u t e d  t o  the suppres s ion  of hydrogenat ion as a r e s u l t  
o f  a l k a l i  promotion.  Hydrogenation suppres s ion .has  been i d e n t i f i e d  a s  a major 
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e f f e c t  of a l k a l i  promoters on C O  hydrogenat ion over  t r a n s i t i o n  me ta l  c a t a l y s t s  (5 ,  
6) * 

Although oxygenate s e l e c t i v i t i e s  were enhanced upon a l k a l i  promotion, t h e  
cha in  growth p r o b a b i l i t y  based on ca rbon  number o f  bo th  oxygenates  and 
hydrocarbons w a s  only inc reased  s l i g h t l y  by a l k a l i  promotion. Less d e v i a t i o n  of 
t h e  e thy lene  f r a c t i o n  from t h e  Schulz-Flory d i s t r i b u t i o n  was a l s o  observed on 
alkal i -promoted c a t a l y s t s ,  i n d i c a t i n g  t h a t  t h e  e f f e c t  of e thy lene  i n c o r p o r a t i o n  
was l e s s  pronounced i n  t h e  presence o f  a l k a l i  promoters.  

In o r d e r  t o  v e r i f y  t h e  above f i n d i n g s ,  a small amount of e thy lene  12.3 mole 
X I  was added t o  t h e  r e a c t a n t  mixture .  'Ihe r e s u l t s  o f  e t h y l e n e  a d d i t i o n  are 
e s s e n t i a l l y  c o n s i s t e n t  w i t h  t h e  above f i n d i n g s .  

IV. CONCLUSIONS 
1. The r a t e  of CO conve r s ion  decreased i n  t h e  o rde r :  unpromoted 

> L i  > K > C s .  
2. The hydrogenat ion a b i l i t y  a l s o  dec reases  i n  t h e  o rde r :  unpromoted 

> L i  > K > C s .  
3. The a l k a l i  promoters had d i f f e r e n t  e f f e c t s  on t h e  formation of 

oxygenates  t h a n  on t h a t  of hydrocarbons.  
4. The a c t i v e  s i t e s  f o r  oxygenate formation du r ing  CO hydrogenat ion ove r  

Rh/Ti02 appeared n o t  t o  b e  s e n s i t i v e  t o  t h e  chemical  n a t u r e  of t h e  
a l k a l i  promoter.  
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TABLE I The E f f e c t  of  A lka l i  Promoter on [MeCHO]/[EtOH] 
and [o l e f in ] / [paraf f in l  Ratios 

[MeCHO] 
[EtOH] 0.3 

[C3-C501efins] 

[ C 3 - C 5  paraf f ins ]  2.7 

0.6 

5.0 

2.7 

4.6 

10.4 

4.2 

Reaction condi t ions :  CO/H2 = 2,  3OO0C, 1 0  atm 
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Figure  1: The E f f e c t  of A l k a l i  Promotion on Oxygenate S e l e c t i v i t y  
f o r  Rh/TiOZ (CO/H2 = 2, 3OO0C, 10 atm) 
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INTRODUCTIOR 

Heteropoly compounds are ionic  sol ids  with complex, high molecular weight 
anions, the l a t t e r  possessing a minimum o f  three elements. 
compounds possess a variety  o f  structures,  those of i n t e res t  in t he  present work 
have anions with cagelike structures,  o f t en  referred t o  as Keggin uni ts  
( F i g .  I). 
o q g e n  atoms which i s  i t s e l f  surrounded bg twelve octahedra o f  oqgen  atoms with 
a second metal atom at each o f  their  centres. The octahedra overlap and share a 
portion of t h e i r  o q g e n  atoms with each other and with those o f  t h e  central 
tetrahedron. 
peripheral metal atoms are commonly W ,  Mo, V ,  and T i .  

Although heteropolu 

These have a central metal atom contained within a tetrahedron of 

The central metal atom i s  t yp ica l l y  P ,  S i ,  As, while the 

Fortunately, detailed structural information f o r  some of the  heteropoly 
compounds i s  beginning t o  become available. 
w a s  that performed b.y Brmn, Noe-Spirlet, Busing and Le* (1 )  with X-rag 
cqstallography and neutron di f fract ion on 12-tungstophosphoric acid 
(H3PW12040-nH20). Their work showed that the proton i n  t h i s  heteropoly a c i d  i s  
surrounded b.y four  water molecules on ly  two of which are hgdrogen-bonded t o  the 
proton a t  a given time. 
through t h e i r  hydrogen atoms t o  the outer or terminal oxygen atoms of the anions 
(Fig. 21. 

One of t he  most detailed studies 

The water molecules are, i n  turn,  hgdrogen-bonded 

Heteropoly compounds have gained increasing in t e res t  i n  t he  last fa 
gears, largely as heterogeneous catalysts ,  but also i n  homogeneous catalysis  
(for example, r e f s .  2-6). One of the sources of t he  in t e res t  i n  t he  catatgtic - 
properties of these sol ids  undoubtedly l i e s  i n  t h e i r  multifunctional 
capabili t ies.  As a re su l t  of variation i n  t h e i r  elemental composition, 
v i r tua l l y  a continuous change i n  catalyt ic  functions can be achieved, ranging 
from that associated with Bronsted acidi ty  t o  that  wi th  oxidation catalysis ,  
while the  Keggin s tructure i s  retained, 

While the cation can be sham t o  influence the ca ta l y t i c  properties i n  
~ a r i o u s  w a y s ,  but pl.-Lncipally through changes i n  both the bulk and surface 
properties o f  t he  heteropoly compound, the present work i s  primarily concerned 
with the e f fect  o f  t h e  anion on the b u l k ,  surface and c a t a l y t i c  properties of  
heteropoly compounds. The influence of the avion, and i n  part icular  the nature 
of both t h e  central heteroatom and the peripheral metal atoms, can be seen from 
the resul ts  o f  a variety  of experiments. Hayashi and Moffat (2) have sham that 
12-tungstophosphoric a c i d  catalgzes the  gas phase conversion of methanol t o  
hydrocarbons at 350 O C ,  for  example, while with l2molybdophosphoric acid 
I H ~ P M O ~ ~ O ~ Q ) ,  oxidation predominates. Pretreatment of  the former catalyst  w i t h  
a i r  at 400 C reduces the  conversion t o  hydrocarbons, while t h e  use o f  helium o r  
hydrogen i n  t h e  calcination i s  beneficial  t o  t he  conversion process. 

The dehydration o f  propanol i s  catalyzed bg a variety  o f  heteropoly acids 
as 3pw12040 R4SiW1 2O4 0 !jml OVZ04 0 3pM0 1 2O4 0 sPM0 1 OV2O4 0 1 $4 0 
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( 5 ) .  
H I + S ~ M O ~ ~ O L , ~  have been shown t o  be more act ive  and se l ec t i ve  than H3PW1204~ and 
H1,SiW120,, (6). 
bH H3?$012-@40, the conversion increases as the  value of 2 decreases, 
t h a t  IS as the  molybdenum content increases (6). 
that  i n  many of t he  reactions catalyzed bp heteropolv compounds, t he  e x k t e n c e  
o f  the Keggin structure of t he  anion appears t o  be a necessaq although not a 
s u f f i c i e n t  condition f o r  t he  e f f i c a q  of t he  heteropoly compounds as 
heterogeneous catalysts ( 7 1 .  

particular importance t o  the a c t i v i t y  o f  the  heteropoly compounds, t h e  nature of 
t h e  cations cannot be disregarded. 
a c t i v i t y  and se l ec t i v i t y  of a number o f  s a l t s  of 12-tungstophosphoric acid i n  
t h e  conversion of methanol t o  hgdrocarbons. Of t h e  metal s a l t s  employed, Na, 
Z r ,  Zn, E ,  Mg, and A X ,  t he  f i r s t  and the  l a s t  produced the  lowest and highest  
y i e lds ,  respectively,  of hydrocarbons. The y i e l d  o f  hydrocarbons was shown t o  
increase with decreasing magnitude of charge on t h e  peripheral owgen atoms o f  
t h e  anion. The ammonium s a l t  of lZ-tungstophosphoric acid was found bt/ Hagashi 
and Moffat ( 4 )  t o  produce s ign i f i can t l y  higher yields  of para f f in i c  
hydrocarbons, as contrasted with the  largely o l e f i n i c  products from both t h e  
parent acid and i t s  metal s a l t s .  

I n  the o d d a t i o n  of methacrolein heterOpolL{ acids HgMo120r0 and 

In the  oxidation of acrolein, methacrolein, and i s o b u t u n c  acid 

Finally it should be noted 
\ 

AZthough the anion s tructure and conposition are qu i t e  ez6dently of 

Hayashi and Moffat ( 3 )  have compared t h e  

‘h 

, 

I n  the  present paper t h e  re su l t s  from temperature programmed desorption 
ITPD),  photoacoustic spectroscopy i n  t h e  infrared region ( P A S ) ,  and 
semi-empirical (extended Hcckel) calculations are presented t o  demonstFate t h e  
relationship between the  cation, t h e  anion and catalgt ic  properties of t he  
het eropo l y  compounds. 

UETEODS 

To conserve space only the  br i e f e s t  description o f  procedures wi l l  be 
)resented. 
!escribed elseohere (8,91. 

m a s s  spectrometer, the l a t t e r  attached t o  the  sgstem v ia  a variable leak valve,  
were used as detectors. 

beamsplitter. 
accessoq  the manufacturer, was used with minor modifications (10). 

The TPD ezperirnents were carried out on a standard apparatus, 
Both a thermal conductivitg detector and a C.E.C. 

PAS-FTIR spectra from 4000;$;5/JO c - l  were recorded at 
5 ern-’ resolution on a Bomem DA3.02 Fourier Tramform#!g?o FsrB ar source and KBr 

The photoacoustic detector module, supplied as a standard 

%lESlJLX5 Am DISCUSSION 

The TPD o f  12-tungstophosphoric acid exhibi ts  t w o  peaks ( F i g .  3 ) ,  one 
centred at 473°K (Peak I )  with an unresolved shoulder on t h e  high temperature 
s i d e ,  t he  other a very broad aspnetrYica1 peak centred around 773°K (Peak 2), 
both due entirely t o  water as shown from mass spectrometry. 
peaks 1 and 2 corresponded t o  1.3-1.4 and 6.5 water molecules per Keggin Unit 
(KU), respectively. 
had no e f f e c t  on peak 2. I t  
should be noted that copious quant i t ies  of water were evolved from t h e  
unpretreated H P W  at room temperature when a stream of h e l i m  was passed through 
t h e  sample, Water desorbed during outgassing at 463 o r  5 9 3 7  could be replaced 
bp contacting the acid with water vapour at  298”K, but a f t e r  outgassing a t  723°K 
it was not possible t o  restore the  original TPD behaviour. 

The magnitudes of 

Outgassing at  463 o r  593°K essent ial lp  rmoved peak 1 but 
No peaks were observed a f t e r  outgassing at 723°K. 

The heteropoly acids, ll-molgbdophosphoric acid and l l - tungstosi l i&c acid, 
as with H R J ,  displayed two peaks (1 and 2) both due t o  water (not shown). 
addition a v e q  sharp peak (peak 3 )  was evident on the  high temperature s i d e  of 

In  
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peak 2. 
H P W ,  those f o r  HPMo were found at approximately 373, 6 7 3 ,  and 723'K, f o r  peaks 
I, 2 ,  and 3, respectivelH. 
t h e  anion i n  determining the T P D  behaviour i s  evident. 

h?h<h-:2e the posit ions of the  peaks f o r  HSiW were siwilar t o  those With . 
The importance o f  the peripheral metal l ic  element of 

The posi t ion of peak 1 f o r  each of t h e  acids reported here is consistent 
wi th  the  tupe of multiple hydrogen bonding interactions between the  a c i d  and 
molecular water, as found Brown e t  a1 (1). Since the  posi t ion of peak 1 
depended strongly on the  peripheral element o f  t he  anion, it appears that such 
interact ions occur ex tern all^ t o  the  Keggin hit, consequentlu largelu shielded 
from influence by t h e  central atom of t h e  anion. I t  appears the  peat 2 must be 
associated with a deprotonation of t h e  ca ta lus t ,  t h e  protons combining with 
anionic oqgen  t o  emerge as molecular water. X-ray di f fract ion analusis of H P K ,  
which had been pretreated at 7 2 3 1  suggested that  decomposition o f  t h e  structure 
had not occurred, in s p i t e  of t he  loss o f  anionic oqgen. 

The PAS s p e c t m  o f  RPW a f t e r  pwnping a t  room temperature displaus a 
featureless  background absorption which eztends across the  range from 
approximately 2000 t o  4000 cm-' ( F i g .  411 The broad band a t  3200 cm-' and the 
more intense and narrm band at  1710 cm- mau be attributed t o  molecular water 
and protonated water. 
Keggin U n i t .  
t h e  band at 1710 cm-' decreases and s h i  t s  t o  1640 cm-', t he  bending vibration 
of l a t t i c e  water, The band at 1080 cm-E is assigned t o  the  t r ip lp i egenera te  
a s p m e t r i c  tretching vibration of t he  central phosphate tetrahedron, while that 
a t  q 8 o  om-' m q  be at tr ibuted t o  a s tretching vibration of t he  bonds between 
tungsten and the  outer oqgen  atoms. Although at 450'C bands associated with 
t h e  anion s tructure have diminished somewhat i n  in t ens i tg  it is apparent t ha t  
t h e  s tructure remains essential  1~ intact .  

The bands below 1200  cm-' are characterist ic of t he  
A f t e r  heating with evacuation at  various temperatures up t o  450"C, 

The twelve octahedra surrounding t h e  central tetrahedr n i n  t he  Keggin unit  
can be divided i n t o  fou r  compact t r i t ungs ta t e  groups, w303- , resul t ing from the 
edge sharing of three WO6 octahedra ( I l l  ( F i g .  5bl. The three octahedra i n  each 
such group have one cornon o q g e n  atom, which i s  also part of t h e  inner tetra- 
hedron i n  t h e  heteropoly anion, and th ree  other oqgen  atoms are each shared & 
two octahedra t o  form t h e  edge-shared un i t .  I n  W3OI3-' there are three terminal 
and three bridging o q g e n  atoms on t h e  outer surface of the u n i t ,  when viewed as 
a fragment of t h e  heteropoly anion. 
attached t o  produce t h e  XM?o 16- species ( F i g .  Sal,  where X r e f e r s  t o  the  
central atom and M t h e  penpheral metal atom. 
simulate the  heteropzy anion i n  semi-empirical extended Hi'ckel calculations 
provided a convenient means o f  evaluatinp t h e  e f f e c t  of charges i n  both t h e  
central and t h e  peripheral atom. 

Keggin s tructure may be observed from calculations on P W ~ O ~ ~ - ~ ( P W I ,  siw3Ol6- 
(SiW) and pM03016-9 (PMol ( F i g .  6). 
of t he  former two species are similar,  while those on t he  fragment containing 
molybdenum are considerably more negative. 
energies f o r  t he  M-0 (outer)  bond on &I and SiW are approximately t h e  same, that 
on PMo i s  considerably smaller. 
l i t t l e  e f f e c t  on e i ther  the atomic charges of t h e  outer oqlgen atoms or the  
parti t ioned energies of t he  bonds formed & these atoms with the  peripheral 
metal atoms. 
central atom f i x e d ,  produces substantial  changes in t he  two properties. 

data are consistent wi th  the conclusion t f a t  Rronsted acidi tg  increases as the 

The centra2 tetrahedron may then be 

The use of t h i s  fragment t o  

!l%e e f f e c t  of changes i n  the  centra; atom and the  peripheral atoms of 

The net atomic charges on t he  outer atoms 

I n  addition, t he  parti t ioned 

EvidentZp, a change i n  the  central atom has 

I n  contrast ,  subst i tut ion o f  t h e  peripheral atoms, with the 

The resu l t s  of t hese  calculations t o  e ther  wi th  the  available experimental 
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magnitude of the  nepative charges on t he  outer oqqen  a tom of  the  heteropolv 
fragment decreclses, while the  a c t i v i t v  i n  oridation reactions can be corpelated 
with the  energy associated with t h e  bond betueen the  outer ozygen atom and t h e  
peripheral metal atom. 

I t  appears reasonable as a f i r s t  approximation t o  assume that  t h e  protons 
in t he  heteropoly conpounds are interacting primarilv with t h e  outer o q g e n  
a t o m  of t h e  anion structure. 
t h e  mobili ty of t he  protons, should then be inversely proportional t o  t h e  
magnitude of t he  negative charge on these  oqgen  atoms. In t he  oxidation 
processes involving heteropoly compounds, it may be reasonably assumed, again as 
a f i r s t  approximation, that t h e  a c t i v i t y  of these catalysts  i s  related t o  the  
case with which the  most immediately available oqgen  atom can be removed from 
t he  anion. The partitioned energy of t h e  bond associated wi th  the  peripheral 
metal atoms and the  outer o q g e n  a tom of t he  anion would therefore appear t o  
fill t h i s  role .  

The acid s trength,  being d i rec t l y  dependent on 
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Figure 1 Anion o f  SiMo 20, o-4 

Arrangement of cations, ~ 7 d e r ,  and anions i n  
12 - tungs tophospho~c  acid. 
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Figure 3 Tenperdure Progrmned Desorption spectra of 12-tunpstophospho~ic 
ac id  a f t e r  pretreatment temperatures of la )  2P8.K. (b t  463'K, 
(c l  5 9 3 1 ,  ( d )  723'K ( 9 ) .  
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Fimre 5 (a )  
( b l  

Fragment XM3016-" o f  heteropolw anion. 
Retempolv anion showing position of f r m e n t .  
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Fi(lure 8 ReeuZte of eztended Blickel calmtdiona o f  net atomic charges on 
bn'dl7ing (bl and outer lo) o q g e n  dome and partitioned 
energies f o r  the u-0 (outer1 bond. 
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